A general structure of Typhoon 9426 (Orchid) up to the lower stratosphere including the inner core region was observed by the MU (middle and upper atmosphere) radar on 29-30 September 1994. In this paper, a meso-a-scale wind field and meso-b and -g scale features of precipitating clouds in the typhoon were investigated.
Introduction
In general, a main precipitation system of a tropical cyclone, defined as a stationary band complex (SBC) by Willoughby et al. (1984) , is of meso-a scale 2 , and it consisted of meso-b-scale precipitation systems (or organized precipitation systems), such as principal band, secondary band, connecting band, and an eyewall. Kinematic structures of the precipitation systems in various scales have been revealed in many observational studies. Based on flightlevel wind data obtained from research aircraft, Jorgensen (1984) showed a meso-b-scale radiusheight circulation in an eyewall. Barnes et al. (1983) also presented a meso-b-scale wind field in a rainband and a meso-g-scale radius-height circulation associated with convection that was embedded in the rainband. Airborne Doppler radar observations enabled us to investigate kinematic structures of rainband and eyewall in more detail (e.g., Marks and Houze, 1987; Barnes et al., 1991) . In a ground-based dualDoppler radar observation, Tabata et al. (1992) demonstrated the fine structure of a meso-ascale precipitation system composed of two rainbands and eyewall, and clarified meso-b and g-scale wind fields in the precipitation systems. Since studies covering simultaneously the precipitation systems of different scale were few, however, a general structure of tropical cyclones has not been well understood.
A clear-air Doppler radar of VHF band (or wind profiler), which has the capability of vertical profiling of wind field, including vertical motion with fine resolution in both rainy and clear atmosphere conditions, is also a powerful instrument for various mesoscale observations of tropical cyclones. Detailed kinematic structures within and around rainbands have been clarified in the VHF-band radar observation (May 1996; May et al. 1994; Teshiba et al. 2001) . In this study, we successfully observed Typhoon 9426 (Orchid) by the MU (middle and upper atmosphere) radar of the VHF band at Shigaraki, Shiga, Japan (136.10 E, 34.85 N) on 29-30 September 1994, the center of which almost passed over the radar site. This is the first observation to continuously obtain information up to the lower stratosphere including the inner core region. The typhoon was also observed by an UHF-band radar called the Boundary Layer Radar (BLR) at a distance of 65 km southwest from the MU site.
The purpose of the present paper is to demonstrate the meso-a-scale wind and precipitation fields, and to clarify meso-b and -g-scale features of rainbands and the inner core in the typhoon. A development and maintenance process of meso-b-scale cloud and precipitation system influenced on the meso-a-scale wind field is also discussed.
Observational radar systems
The MU radar of the Radio Science Center for Space and Atmosphere (RASC), Kyoto University is a fully computer-controlled monostatic VHF-band Doppler radar with an active phased array system composed of 475 Yagi antennas. This radar is truly valuable for the observation of three components of wind field including vertical velocity with fine time and height resolutions (1 min and 150 m, respectively). The transmitted frequency is 46.5 MHz in VHF band, peak transmission power is 1 MW, beam width is 3.6 and the antenna size is a diameter of about 100 m (Fukao et al. 1985a, b) . In this study, the MU radar was operated in two observation modes with different height ranges of 1.5-19.2 km and 5.0-24.1 km at intervals of 2 min. As it can detect both atmospheric and precipitating echoes simultaneously (e.g., Fukao et al. 1985c; Wakasugi et al. 1986 Wakasugi et al. , 1987 , an effect of precipitation echoes in the estimation of vertical velocity was removed below 6 km height (e.g., Sato et al. 1990; Shibagaki et al. 1997) . Data derived from two observation modes are combined to cover the altitude range of 1.5 to 24.1 km.
The L-band (1357.5 MHz) BLR in Sakai (34.56 N, 135 .44 E) has a parabolic antenna having a diameter of 2 m. Its specifications are almost the same as those shown by Hashiguchi et al. (1995) . Time and height resolutions are 90 s and 100 m, respectively. An observational range is 0.5-4.7 km height. The BLR can receive echoes from both atmospheric turbulence and raindrops, which is similar to the MU radar. However, the radar volume reflectivity for the atmospheric turbulence becomes much smaller than that for the precipitation in the high frequency such as the UHF band, whereas the MU radar has almost the same sensitivity for both turbulence and precipitation echoes. Therefore, the BLR cannot obtain the atmospheric vertical velocity in a rainy condition.
The RASC C-band (5.3 GHz) meteorological radar with a vertically fixed antenna was simultaneously operated at the MU site, and the vertical distribution of precipitation was observed. A constant altitude plan position indicator (CAPPI) data at 2 km altitude, which was produced by Japan Meteorological Agency (JMA), was also utilized to examine a horizontal distribution of precipitating clouds. For all data, we used the altitude from the mean sea level (MSL). The MU observatory is at 385 m MSL.
Overview of Typhoon 9426
3.1 Synoptic-scale features Figure 1a shows 12-hourly trajectory and surface central pressure of Typhoon 9426, reported by JMA. The detailed trajectory of the typhoon center in the rectangle of Fig. 1a was calculated by using the third-order spline interpolation from the location of the center (marked by a plus) at intervals of about 3 hours (Fig. 1b) . In the present study, it is assumed that the typhoon center passed just over the MU site (at 2231 LST 29; the detail of the passage time will be described in Subsection 3.3) as shown in the solid line of Fig. 1b .
The typhoon evolved from a tropical storm near Guam Island on 19 September 1994. It approached the Japan Islands. When it was located near Minamidaitoujima (131.23 E, 25.83 N), the central pressure and maximum wind were 930 hPa and 47.5 ms À1 , respectively. Then it moved north-northeastward and landed on the south coast of the Kii Peninsula at 1930 LST 29. Just before landing, the central pressure and maximum wind were 950 hPa and 40 ms À1 , respectively. While it passed through the Kansai area, the central pressure increased to 975 hPa and the maximum wind decreased to 30 ms À1 . After reaching the Sea of Japan, it moved along the coast to the northeast of Japan and finally transformed into an extratropical cyclone near Hokkaido at 1200 LST 30. Figure 2 shows (a) 500-hPa geopotential height and (b) the surface pressure field from global objective analysis (GANAL) data of JMA at 21 LST 29, when the typhoon center was located 80 km to the south-southwest of the MU site. The typhoon had an axi-symmetrical structure within a diameter of 1,000 km at surface level, but the structure at 500 hPa level was seen only within a diameter of 500 km due to a dominance of a westerly jet associated with a synoptic-scale trough. Figure 3 shows an equivalent potential temperature in vertical distribution approximately along the line of Fig. 2b , using rawinsonde data from the five JMA stations (Sapporo, Akita, Wajima, Shionomisaki, and Minamidaitojima) and radiosonde data at the MU site at 21 LST 29. A funnel-shaped structure of a typical warm core near the typhoon center, as seen in the mature stage, was limited only in the middle and upper troposphere. From the synopticscale analysis mentioned above, we suggest that the typhoon structure began to decay after landing.
3.2 Horizontal distributions of cloud and precipitation An evolution and structure of cloud systems in T BB (equivalent black body temperature) of geostationary meteorological satellite (GMS) IR data is presented in Fig. 4 . During 16 LST 29-01 LST 30, the region of higher temperature, identified with the typhoon eye, was not seen. Active cloud regions were located near the typhoon center and on the southeastern side of the typhoon. An inner cloud region of lower temperature (less than 210 K) was distributed in the vicinity of the center. A bandshaped cloud, extended from the north to the northwest part of the inner cloud region, was also seen, and the band width spread with time. The band-shaped cloud region passed over the MU site in the period of 16-19 LST 29. A part of the inner cloud region was developed in the south coast of Kii Peninsula at 21 LST. The western part of the inner cloud region passed over the MU site in the period of 21 LST 29-01 LST 30.
Based on 2-km CAPPI echo of the JMA radar in Fig. 5a , a broad precipitation was observed in the Kii mountain region, which is higher than 800 m altitude (see Fig. 5d ). It remained stationary there at 1607 LST 29, when the typhoon center was located 270 km to the southwest of the MU site. A rainband with 50-70 km width (shown by a solid line in Fig. 5a,) was seen on the northern side of the stationary precipitation region, and it passed over the MU site. It was located at the outer edge of the band-shaped cloud (see Fig. 4a ).
At 1845 LST 29, a distinct eyewall was seen near the south coast of the Kii Peninsula. A rainband with 20-40 km width (shown by a solid line in Fig. 5b ) was found to the northwest of the eyewall, and it passed over the BLR site. We could not confirm whether the eastern part of the rainband reached to the MU site or not. It was located at an inner edge of the bandshaped cloud (see Fig. 4b ). Rainbands seen at 1607 and 1845 LST are called wide and narrow ones, respectively, hereafter. The former and latter may be regarded as principal band and secondary band, respectively, defined by Willoughby et al. (1984) . The eyewall (shown by a circle in Fig. 5c ) decayed after landing. It passed over the MU site at around 2245 LST 29.
Time-latitude cross-section of precipitating clouds along the longitude of the MU site at 136.1 E between 1200 LST 29-0100 LST 30 is presented in Fig. 6 . A few rainbands moved northward from the northern side of the stationary precipitation region (>4 mm h À1 ) at 34. 0-34.6 N and passed over the MU site at 1500, 1600 and 1730 LST 29 (as shown by solid lines). Rainbands at 1500 and 1730 LST 29 were not evident in comparison with the wide rainband at 1600 LST. Between 1900-2000 LST 29, the stationary precipitation region extended northward to 35 N. A strong precipitation region, identified with the eyewall, appeared in the south coast of the Kii Peninsula on 33. 4-34.0 N at 2000 LST 29. After that, it decayed with the northward movement and passed over the MU radar at 2230 LST 29 (as shown by a solid line).
3.3
The observation data at the MU site Figure 7 shows surface data of (a) pressure, (b) wind direction, (c) wind speed, (d) temperature, (e) relative humidity and (f ) rainfall intensity from 1200 LST 29 to 0600 LST 30 at the MU site. The passage of the typhoon center was identified by the following features. The pressure reached to the minimum value of 930 hPa (at 385 m from MSL), the wind speed became much weaker and the wind direction reversed from easterly to westerly at 2231 LST 29. After the passage of the center, the wind speed decreased and the rainfall intensity weakened. The temperature also decreased, except just after the passage, when the temperature suddenly increased 1 C in relation to the decrease of rainfall intensity. The relative humidity was almost at saturation point in the whole period.
An intense rainfall more than 15 mm h À1 was observed at 1500, 1600 and 1730 LST 29, and it corresponded to the passage of rainbands. During 1530-1630 LST, temperature decreased a little due to an evaporation of pre- cipitation particles around the passage of the wide rainband. A continuous rainfall more than 10 mm h À1 was observed during 2000-2130 LST, according to a dominance of the stationary precipitation. An intense rainfall more than 15 mm h À1 was confirmed at the passage of the eyewall. Figure 8 shows a potential temperature (y), equivalent potential temperature (y e ) and saturated equivalent potential temperature (y Ã e ) utilizing the upper sounding data at 21 LST 29, when the stationary precipitation was located over the MU site. Throughout the troposhere, the air was moist. There was weak stable stratification below 4 km altitude. A weak unstable or neutral stratification appeared at 4.0-5.4 km altitude. A stable layer was seen at 5.4-7.0 km altitude, and a neutral stratification was observed at 7.0-13.0 km altitude.
Meso-a-scale kinematic structure of the typhoon
In this section, the radius-height crosssections of wind and precipitation fields are detected from the single-station observation data of the MU and vertical pointing radars, under an assumption of quasi-steady state of the typhoon. Figures 9 and 10 show (a) reflectivity observed by the vertical pointing radar, and (b) tangential wind and (c) radial wind relative to an environmental wind and (d) vertical velocity obtained by the MU radar in the front and rear of the typhoon, respectively. We could not determine the wind velocities relative to the storm center, as done in the previous studies. Instead, we use the wind velocities relative to an environment wind, which is defined as the following. A mean radial wind within a diameter of @150 km (corresponding to time period of 3 hours), calculated at each distance from the center, was used as the environmental wind. The environmental wind obtained at each altitude was subtracted from the observed wind. Note that positive (negative) values in tangential and radial winds relative to the environmental wind are cyclonic (anti-cyclonic) rotation and outflow (inflow), respectively. In Figs. 9 and 10, inner cloud and bandshaped cloud regions mentioned in the previous section were located approximately in distances of À95@75 km and 160@270 km from the typhoon center, respectively.
The front of the typhoon
In Fig. 9a , stratiform precipitating clouds with the bright band layer of a high reflectivity at 5 km altitude were seen. Three precipitating clouds associated with the surface rainfall peaks were located at 230 km, 270 km and 290 km distances. Stratiform precipitating clouds were predominant over 80-200 km distance. A high reflectivity existed within 70 km distance. From these features, the precipitation field was divided into three regions of rainbands at 210-300 km distance, stationary precipitating cloud at 80-200 km distance and eyewall at 0-70 km distance.
In the region of rainbands, a cyclonic wind more than 24 ms À1 extended vertically up to 6 km altitude (Fig. 9b) . In the region of the stationary precipitating cloud, a cyclonic wind exceeded 36 ms À1 at 2-4 km altitude. It decreased with increasing height. In the eyewall, the low-level strong cyclonic wind decreased as it approached the center. A relatively cyclonic wind more than 18 ms À1 extended up to 12 km altitude at 75-165 km distance. The low-level cyclonic wind seems to increase by air parcels carried from the outer side (far side from the typhoon center) due to a frictional inflow. The relatively cyclonic wind may result from the vertical transport of the air parcels due to convection on the windward side of the MU site (see Fig. 4c ). Meanwhile anti-cyclonic winds were found in the whole range at 16 km altitude and near the center.
In the radial wind (Fig. 9c) , two outflow regions tilted outward with height were found up to the upper troposphere, and the bottoms were the eyewall at 30 km distance and the outer region of the stationary precipitating cloud at 180 km distance. Outflow regions also tilted outward to the middle troposhere. They originated from inner and central regions of the stationary precipitating cloud at 80 km and 140 km distances, respectively, and a rainband (the wide rainband) at 260 km distance. The bottoms of the tilted outflow region were located approximately in the region of the low-level strong cyclonic wind. The relation between the outflow and cyclonic wind regions in the wide rainband and eyewall will be described in the subsequent section.
Updrafts were predominant within precipitating clouds below 6 km altitude (Fig. 9d) . Continuous strong updrafts remained within the stationary precipitating cloud. They may be caused by the forced rise of the orographic effect of the Kii mountain region in a strong cyclonic wind at lower level (the boundary layer). The updrafts were weakened within the eyewall. In the altitude range of 8-14 km, strong tangential wind and (c) radial wind relative to the environmental wind and (d) vertical velocity obtained by the MU radar in front of the typhoon. The mean radial wind within a diameter of @150 km (corresponding to time period of 3 hours), calculated at each distance, is used as the environmental wind. Positive (negative) values in tangential and radial winds relative to the environmental wind are cyclonic (anti-cyclonic) rotation and outflow (inflow), respectively. In (c), the outflow regions tilted outward with height are shown by solid lines.
updraft regions were observed at 20-80 km and 160-280 km distances. They corresponded to inner cloud and band-shaped cloud regions defined as taller clouds from satellite data. In the inner cloud region, a remarkable updraft occurred. The tilted outflow region seen in the eyewall was extended to the updraft region within the band-shaped cloud. Downdrafts were predominant at 6-8 km altitude; between the echo top of the stratiform precipitating cloud and the upper-level updraft region.
The rear of the typhoon
The vertical structure within a radius of 250 km in the rear of the typhoon is presented in Fig. 10 . The kinematic structure was quite different from that in the front as follows: 1) Intense precipitating cloud was not observed, and low reflectivity regions associated with relatively strong updraft were present only in the vicinity of the center, 2) The maximum speed of the cyclonic wind was less than that in the front, and the height of the maximum wind was located at 5 km altitude, 3) The outflow structure tilted outward as seen in the front was not observed in the weak cyclonic wind at low level. An inflow and outflow regions tilted outward with a large slope below 7 km altitude, 4) An updraft associated with the inner cloud region was predominant in the wide altitude range. The magnitude of updraft was smaller than that in the front. The bottom level of the updraft region was approximately coincident with a boundary between the tilted inflow region and an outflow region above it, 5) Downdraft was prominent behind À40 km distance in the lower troposhere. This fact corresponds to that the JMA radar echo weakened and disappeared behind the typhoon center, 6) The radial wind regions in the middle and upper troposhere descended outward behind À100 km distance in the decay of the typhoon.
Meso-b and -g-scale features of rainbands and eyewall
In this section, we describe fine kinematic structures of the wide and narrow rainbands, and the eyewall, where non-stationary precipitating clouds were located as shown in Fig. 5 .
Wide rainband
The radar echo map of the wide rainband during 1430-1730 LST 29 is presented in Fig.  11 . The rainband passed over the MU site dur- ing 1530-1615 LST 29. It approximately moved northward with a speed of 19 ms À1 (stormrelative speed and direction were 9 ms À1 and north-northwestward, respectively). After the passage of the MU site, the rainband extended westward in the development of the bandshaped cloud (see Fig. 4 ) and it consisted of several intense echoes. The rainband structure is confirmed during 1400-1800 LST 29 in the restriction of the radar echo area.
In Fig. 12a , the rainband with the bright band was located at 265-285 km distance. A high reflectivity more than 35 dBZ was seen in the central region of the rainband. A relatively strong cyclonic wind more than 25 ms À1 was prevalent within the rainband (Fig. 12b) . A cyclonic wind more than 40 ms À1 was found in the inner part of the rainband at 2.5 km altitude. A cyclonic wind more than 30 ms
À1
extended vertically up to 6 km altitude at 265-275 km distance. The strong cyclonic wind region was coincident with a divergence region between inflow and outflow. An outflow region tilted outward with height (as shown by solid line). Its bottom was located at the maximum of the cyclonic wind (Fig. 12c ). An inflow region existed below the outflow region within the rainband. A meso-b-scale updraft was predominant below 5 km altitude within and on the outer side of the rainband, and meso-gscale strong updrafts occurred below the tilted outflow region. A meso-b-scale downdraft was prominent on the inner side of the rainband. The vertical structure of the wide rainband was similar to that of a rainband in Typhoon 8305 studied by Ishihara et al. (1986) . They found a radial convergence region tilted outward with height within the rainband, although there was clearly not seen the tilted structure of the outflow region. The bottom was located in strong cyclonic wind on the inner part of the rainband. The tilted structure of a radial convergence was also reported in other rainband studies (e.g., Barnes et al. 1983; Shimazu 1997) .
Narrow rainband
The movement and structure of the narrow rainband during 1800-1930 LST 29 is presented in Fig. 13 . The narrow rainband was transformed from an outer part of the eyewall. The northeast part of the rainband passed over the BLR during this period. It approximately moved northwestward with a speed of 7 ms À1 (storm-relative speed and direction were 11 ms À1 and west-southwestward, respectively). The rainband decayed with the outward movement from the eyewall, and it disappeared just after the passage of the radar site. The lifetime of the rainband was 1.5 hours.
The vertical structure of the rainband in the lower troposphere is presented in Fig. 14 , based on the BLR data. In Figs. 14b and c, the mean radial wind of the MU data described in the previous section was used as the environmental wind. The environmental wind below 2 km altitude, where the MU radar did not cover due to its technical limitation, was defined to be the constant value at 2 km altitude.
In Fig. 14a , a reflectivity of the rainband (>18 dBZ) was located at 90-160 km distance from the center. Three regions of relatively high reflectivity more than 21 dBZ were seen at 100-150 km distance. A radial gradient of the reflectivity above 3 km altitude was relatively large in the outer part of the rainband (135-160 km distance), while the radial gradient was small in the inner and central parts of one (90-135 km distance). The former and latter regions are defined as convective and stratiform portions of the rainband, respectively.
At 80-180 km distance, a cyclonic wind more than 32 ms À1 was predominant at 2-4 km altitude, and strong inflow was present below 1.5 km altitude. In the convective portion, outflow and cyclonic wind regions tilted outward (as shown by a solid line) were found, and the bottoms were located in the relatively high reflectivity. A convergence region between outflow and inflow at 2-3 km altitude was seen on the outer edge of the rainband. In the stratiform portion, strong outflow was predominant at 2.0-3.5 km altitude, and an inflow region was seen above 4 km altitude. A large radial gradient of the outflow was located at 135 km distance. The tilted outflow region was observed in both wide and narrow rainbands. The wide and narrow rainbands were long and short lifetimes, respectively. The long-lasting rainband was accompanied by the cyclonic wind with maximum in the bottom of the outflow region. Meanwhile, the short-lasting rainband did not have such cyclonic wind in the bottom. These results were similar to those of two rainbands in Typhoon 8913, studied by Shimazu (1997) . He showed disturbance (radial convergence, updraft and high vorticity) with the tilted structure outward in a long-lasting rainband and a nearly upright disturbance in a shortlasting one. Strong cyclonic wind in the bottom of the disturbance was confirmed only in the former rainband.
Eyewall
The radar echo of the eyewall after landing is presented in Fig. 15 . The eyewall was distributed to the north of the center. An intense echo was also seen near the center. The eyewall (as shown by a circle) approximately moved northward with a speed of 14 ms À1 , and it passed over the MU site during 2110-2230 LST 29.
The vertical structure of the eyewall in altitude range of 2-14 km is presented in Fig. 16 . In Fig. 16c , the inflow (outflow) means air flow from front (rear) to rear (front) of the typhoon. Stratiform precipitating clouds, with high re- flectivity more than 35 dBZ, were located at À5@70 km distance.
In the outer part of the eyewall (at 30-70 km distance), cyclonic wind and outflow regions tilted outward were found. The bottoms were located at 30 km distance, where the radial gradient of the low-level cyclonic wind was large. A weak inflow appeared beyond the outflow region at 2-4 km altitude, and there was weak updrafts. At 8-14 km altitude, a meso-bscale updraft was distributed. A meso-g-scale remarkable updraft in the meso-b-scale one was found at 60 km distance, and it was associated with an outflow region. It was considered to be a part of vertical circulation in the eyewall. The eyewall circulation was not seen in the lower and middle troposhere.
In the inner part of the eyewall (À5@30 km distance), an inflow was descending from the outer part of the eyewall in the middle troposhere to the center in the lower troposhere. It was coincident with a dominant downdraft region. In the vicinity of the typhoon center, the tangential wind (less than 5 ms À1 ) was observed to have a vertical spiral structure for the center axis. The rotation was not always cyclonic, but anti-cyclonic winds were seen in three height ranges below 12 km altitude. Tabata et al. (1992) also reported an anti-cyclonic wind on the inner side of a decaying eyewall of Typhoon 8514. In the present case, the anticyclonic wind is considered to be an apparent one caused by the deformation of the cyclonic rotation center due to a spiral motion of the center of the decaying typhoon. As a result, it seems to appear fragmentarily in the vertical spiral structure. A meso-g-scale remarkable downdraft associated with the vertical spiral structure was found in the middle and upper troposhere.
6. Meso-b-scale cloud and precipitation influenced on the meso-a-scale wind field
The meso-a-scale kinematic structure of the typhoon was clarified in the MU radar observation. In the front of the typhoon, it was accompanied by the meso-b-scale upper-level clouds (inner and band-shaped clouds) and precipitating clouds (the eyewall, stationary precipitating cloud and wide rainband).
In the meso-a-scale wind field, the tangential wind had the cyclonic rotation with the maximum at low level. Several outflow regions, tilted outward with height, were found. Among them, the tilted outflow region within the eyewall was extended to the upper troposhere, and the bottom was located at the area of the maximum radial shear of the low-level cyclonic wind. The tilted outflow region in the wide rainband was associated with the low-level cyclonic wind with the maximum. The outflow regions may be interpreted as an internal inertiagravity wave with horizontal wavelength of 40-80 km and vertical wavelength of 4-5 km. The tilted outflow structure was also detected in the narrow rainband based on the BLR observation. Kurihara and Tuleya (1974) found outwardpropagating rainbands related to internal inertia-gravity waves in three-dimensional numerical-model simulation. Kurihara (1976) proposed that a rainband developed by the radial shear of cyclonic wind in an inner area of a storm was changed to an outward-propagating internal inertia-gravity wave, which had a positive correlation between tangential and radial wind anomalies. In the eyewall and narrow rainband of our case, the tilted outflow region had the same phase with the cyclonic wind region (see Figs. 14 and 16), and it is consistent with the result from Kurihara (1976) . In the wide rainband, such phase relation was not seen between the tilted outflow region and cyclonic wind region.
The vertical motions were characterized by the following features. The continuous strong updraft occurred within the stationary precipitating cloud below 6 km altitude. It seems to be produced by the orographic effect of the Kii mountain region in a strong cyclonic wind at lower level. Updrafts associated with the inner cloud and band-shaped cloud were predominant at upper level. It is interesting that the tilted outflow region in the eyewall was extending to the upper-level updraft region within the band-shaped cloud. This fact suggests that the outflow with the wave-like structure, generated in the eyewall (the inner cloud), contributed to the development of the band-shaped cloud. It is also confirmed that such outflow structure coexisted with updrafts within the wide rainband. Downdraft regions were predominant in the altitude range between the upper-level updraft region within inner and band-shaped clouds and the echo top of the stratiform precipitating cloud. They may represent air motions associated with the falling ice particles produced by the upper-level updrafts, in which non-precipitating echo was observed by the vertical pointing radar. The upper-level cloud was considered to give a favorable condition to form and maintain the stratiform precipitating clouds by the seeder-feeder mechanism.
In these features of the meso-a-scale wind field, the wave-like structure tilted outward appeared only in the radial wind. The reason is considered that the cyclonic wind with a large amplitude masked the wave structure, and the vertical motions were affected by convection and topography.
Conclusions
The general structure of Typhoon 9426 up to the lower stratosphere including the inner core region was observed by the MU radar on 29-30 September 1994. Under the assumption that the storm center passed over the MU radar, we presented the vertical structure of the meso-ascale wind field from 300 km in the front to 250 km in the rear of the typhoon. As a result, the kinematic structure in the front and rear of the typhoon is quite different because of its transition from mature to decaying stages and the asymmetric distribution of cloud and precipitation.
In front of the typhoon, the meso-a-scale wind field is characterized by the low-level cyclonic wind with the maximum and outflow regions tilted outward with height. The tilted outflow regions may be interpreted as internal inertiagravity waves, proposed as a mechanism of the outward-propagating rainband in previous studies. The continuous strong updraft occurs within the stationary precipitating cloud through the orographic effect of the Kii mountain region. Meso-b-scale updrafts appear within the inner cloud and band-shaped cloud at upper level. The upper-level clouds seem to contribute to the formation and maintenance of the stratiform precipitation by the seederfeeder mechanism. In the vicinity of the typhoon center, the tangential wind has the vertical spiral structure for the center, considered as a result from the deformation of the center of the decaying typhoon. In the rear of the typhoon without precipitating clouds, the cyclonic wind becomes weak, and the outflows and vertical motions seen in the front are not detected.
Meso-b and -g-scale features of the eyewall and wide rainband in the front were examined. In the eyewall, the meso-g-scale remarkable updraft associated with the outflow region, considered to be a part of the vertical circulation, is found in the upper troposhere. The outflow region tilted outward originates from the area of maximum radial shear of the low-level cyclonic wind. It extends to the updraft region within the upper-level band-shaped cloud. The wide rainband is located at the outer edge of the band-shaped cloud, and it lasts in the development of the cloud. This accompanies the tilted outflow region, the bottom of which is located at the maximum of the cyclonic wind. The narrow rainband, that had a quit short (1.5 hours) lifetime, was also examined based on the BLR observation. It is accompanied by the tilted outflow region in its convective portion, but strong cyclonic wind, as seen in the wide rainband, is not detected in the bottom of the outflow region. These results suggest that the outflow with the wave-like structure, associated with the low-level strong cyclonic wind, contributes to the development and maintenance of the upper-level cloud and rainband.
In the next stage of this study, characteristics of the internal inertia-gravity wave, and the relationship between the formation and maintenance mechanism of rainbands and the gravity wave will be studied. We are also expecting to use more transportable windprofiling radars, and to accumulate observational case studies on typhoons in the future.
